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Abstract: A large amount of heat inside the power battery must be dissipated to maintain the 14 
temperature in a safe range for the hybrid power train during high-current charging/discharging 15 
processes. In this article, a combined experimental and theoretical study has been conducted to 16 
investigate a newly designed thermal management system integrating phase change material 17 
with air cooling. An unsteady mathematical model was developed for the battery with the 18 
integrated thermal management system. Meanwhile, the heat generation power, thermal 19 
resistance, and time constant were calculated. The effect of several control parameters, such as 20 
thermal resistance, initial temperature, melting temperature and ambient temperature, on the 21 
performance of the integrated thermal management system were analyzed. The results 22 
indicated that: (1) the calculated temperature rise of the battery was in good agreement with the 23 
experimental data. The appropriate operation temperature of the battery was attained by the 24 
action of the phase change storage energy unit which is composed of copper foam and 25 
n-Eicosane, (2) the remarkable decrease of the battery temperature can be achieved by reducing 26 
the convection thermal resistance or increasing the conductivity of the phase change storage 27 
energy unit, where the latter could be the better option due to no additional energy 28 
2 
 
consumption. When convective resistance and thermal resistance between the battery surface 29 
and the phase change storage energy unit are less than 2.03 K/W and 1.85 K/W, respectively, 30 
the battery will not exceed the safety temperature under extreme condition, (3) the temperature 31 
rise declines with the decrease of the melting temperature or with the increase of the ambient 32 
temperature. It could be possible that the battery temperature exceeds the safety temperature 33 
for the high ambient temperature, (4) even if the phase change material is completely melted, 34 
the integrated thermal management system can still maintain the battery temperature within the 35 
safe range because of the air cooling. 36 
Keywords: Integrated thermal management system; power battery; phase change material; air 37 
cooling; heat power. 38 
Nomenclature 39 
A Heat exchange area (m2) 40 
B Time constant (s) 41 
Bi Biot number 42 
C specific heat (J/(kg · oC)) 43 
E Open-circuit (V) 44 
h Convective heat transfer coefficient (W/(m2 · K)) 45 
I Current (A) 46 
L Battery thickness (m) 47 
q Heat generation power of battery (W)  48 
R Thermal resistance (K/W) 49 
T Temperature (K) 50 
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TD Phase transition temperature (K) 51 
T∞ Ambient temperature (K) 52 
t Time (s) 53 
U Terminal voltage (V) 54 
V Volume (m3) 55 
Greek letters 56 
ε Emissivity 57 
θ Excess temperature (oC) 58 
θ0 Initial excess temperature (oC) 59 
θD Excess phase transition temperature (oC) 60 
λ Thermal conductivity (W/(m · K))  61 
μ Heat dissipation ratio of PCM and air cooling 62 
ξ The ratio of thermal resistance of air cooling and PCM 63 
ρ Density (kg/m3) 64 
σ Stefan-Boltzmann constant 65 
τ Time step (s) 66 
Φ Heat transfer quantity (J) 67 
Subscripts 68 
h Convection heat transfer 69 
max Maximum 70 
p Phase change 71 
r Radiation heat transfer 72 
4 
 
s The heat absorbed by the battery 73 
Acronyms 74 
DOD Depth of discharge 75 
ITMS Integrated thermal management system 76 
PCM Phase change material 77 
PCSEU Phase change storage energy unit 78 
SOC State of charge 79 
TMS Thermal management system 80 
1. Introduction 81 
Compared to the traditional batteries such as lead-acid and nickel metal hydride, lithium-ion 82 
batteries has attracted much attention due to its characteristics of stable charge/discharge cycle, 83 
high power density [1], long lifespan, wide working temperature range, environment friendly 84 
and thus it has been widely used in hybrid electric vehicles and electric vehicles [2]. However, 85 
during the process of charge/discharge especially at large current, a large amount of heat will 86 
be generated due to various electrochemical and physical changes inside the battery. If the heat 87 
cannot be removed timely then it will accumulate inside the cells, which results in a sharp 88 
increase of the operating temperature inside the battery. This will further lead to an overheating, 89 
fire, or even explosion [3]. The previous research revealed that the performance and lifetime of 90 
the battery are strongly impacted by the operating temperature [4] and there should be an 91 
optimum operating temperature range and a maximum temperature difference in the battery 92 
pack [5]. In this case, an efficient thermal management system would be highly needed to 93 
dissipate the generated heat in order to obtain an ideal operating temperature and temperature 94 
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uniformity.  95 
A variety of thermal management system (TMS) have been reported in the open published 96 
literatures and many studies have been devoted to this area over the past decades. Zolot et al. [6] 97 
evaluated the thermal performance of the Prius NiMH battery pack which used the forced air 98 
cooling system. It was found that both the battery temperature and the temperature uniformity 99 
were maintained at an appropriate temperature range. Wu et al. [7] carried out a combined 100 
experimental and numerical study to investigate the temperature distribution in lithium-ion 101 
batteries. Their results showed that cooling by natural convection was not an effective means 102 
for removing heat from the battery system. It was also found that the forced convection cooling 103 
could mitigate temperature rise in the battery. Huo et al. [8] employed a mini-channel cold 104 
plate to cool the rectangular lithium-ion power batteries and the effects of the number of 105 
channels, flow direction, inlet mass flow rate and ambient temperature on the battery 106 
temperature rise were investigated. Zhao et al. [9] proposed a new kind of cooling method for 107 
cylindrical batteries based on mini-channel liquid cooled cylinder. It was found that the 108 
capacity of reducing the maximum temperature was limited through increasing the mass flow 109 
rate. The capacity of heat dissipation was enhanced first and then weakened along with the 110 
rising of entrance size. Khateeb et al. [10] designed a lithium-ion battery TMS with a novel 111 
phase change material (PCM). It was stated that the successful use of the PCM could be a 112 
potential candidate for the thermal management solution in electric scooter applications and for 113 
other electric vehicle applications. Rao et al. [11] experimentally and numerically discussed the 114 
thermal energy management performance of ageing commercial rectangular LiFePO4 power 115 
batteries using PCM and thermal behavior related to the thermal conductivity between the 116 
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PCM and the cell. It was pointed out that it is necessary to improve the thermal conductivity 117 
and to reduce the melting point of the PCM for heat transfer enhancement. 118 
In general, thermal management strategies of the battery can be divided into passive system 119 
and active system. The active TMS based on the forced air convection, liquid metal [12] or 120 
liquid cooling [13] with heat exchanger is always a routine solution. However, the drawback of 121 
the system is that it induces non-uniform temperature distribution in the battery pack with 122 
additional energy consumption. It has been reported that it consumed about 40% of the energy 123 
of the battery for the air TMS [14]. Whereas passive TMS using PCMs [15] or heat pipe [1] 124 
can decrease both the maximum temperature and the temperature difference within the battery 125 
pack. Meanwhile, there is no added energy consumption, which can significantly increase the 126 
available energy of vehicles. However, the traditional PCMs, such as paraffin, have low 127 
thermal conductivity which is in conflict with rapid heat storage. In order to overcome it, 128 
composite PCM is developed by adding high thermal conductivity materials, i.e. aluminum 129 
foam [16], copper foam [17], metal fins [10], or expanded graphite [18] into paraffin. Alipanah 130 
et al. [19] numerically investigated the TMS of the battery made from octadecane–Al foam 131 
composite materials. It was found that adding metal matrix of 0.88 porosity to the octadecane 132 
led to 7.3 times longer discharge time compared to the pure octadecane and increased the 133 
uniformity of the battery surface temperature. Wu et al. [20] developed a copper mesh 134 
composite as a composite PCM for battery thermal management. Copper mesh acted as a 135 
skeleton can further enhance both the thermal conductivity and strength of the whole module. 136 
Lin et al. [21] developed a passive TMS and applied the expanded graphite matrix and graphite 137 
sheets to compensate low thermal conductivity of PCM. Recently, with the increasing power of 138 
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the battery module, single passive or active TMS is not competent to meet the requirements of 139 
battery temperature control. As a consequence, the combination of both active and passive 140 
systems has been developed as an effective measure. Zou et al. [22] presented an integrated 141 
thermal management system (ITMS) combining a heat pipe battery cooling/preheating system 142 
with a heat pump air conditioning system to fulfill the comprehensive energy utilization for 143 
electric vehicles. It was found that around 20% of the cooling capacity was supplied without 144 
increasing the input power. Tiari et al. [23] developed the discharging process of the thermal 145 
energy storage system which consisted of a square container, finned heat pipes, and potassium 146 
nitrate (KNO3) as the phase change material. Charles-Victor et al. [24] developed a battery 147 
TMS coupling PCM (Rubitherm RT28 HC) with an active liquid cooling system in order to 148 
initialize the battery temperature at the melting of the PCMs during the charging process.  149 
It is recognized that the heat generation power of the battery is a key parameter during the 150 
design of the TMS. There are two main experimental methods to study the mechanism of the 151 
battery heat generation, and they were isothermal microcalorimetry and accelerating rate 152 
calorimetry. Saito et al. [25] examined heat generation behaviors during the charge and 153 
discharge process for several commercial lithium-ion cells by using C-80 microcalorimeter and 154 
electrochemical device. Their results showed that the resistance of the battery increased after 155 
charging and discharging cycles, which led to the increase of the heat generation. In addition to 156 
the experiment, the establishment of the lithium-ion thermal model was another alternative to 157 
study the thermal behavior of the battery. The heat of the lithium-ion batteries mainly included 158 
the heat of reaction and the Joule heat [26]. Bernardi et al. [27] proposed a thermal model of 159 
heat generation rate based on the energy balance of the battery, and the developed model could 160 
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be effectively applied to the analysis of the battery thermal characteristics. Sato [28] carried out 161 
a thermodynamics experiment for the lithium-ion batteries. A heat generation model of the 162 
battery, which was similar to that of Bernardi’s thermal model, was also developed without 163 
considering the side reaction. And the contribution degree of the reaction heat value, 164 
polarization heat value, and Joule heat value was expressed quantitatively. The heat generation 165 
characteristic was dependent on the type of the battery. In most of the thermal management 166 
system, electric heater was normally used to simulate the battery heat generation for the 167 
purpose of the safety of the battery [29]. Due to different thermal conductivity and specific heat 168 
capacity between the electric heater and battery, the heater could not truly reflect the 169 
temperature characteristics of the battery prior to reaching the thermal balance. 170 
It appears from the previous investigation that there were only limited reports on the 171 
theoretical research of the battery temperature rise, especially for the investigation on the TMS 172 
combining with more different cooling systems. In the present work, an ITMS with PCMs and 173 
air conditioning exhaust was designed for a lithium-ion power battery pack used in hybrid 174 
power train. The performances of the ITMS and pure air cooling system under different 175 
working conditions were investigated both experimentally and theoretically. The transient 176 
temperature rise model for the battery was derived and validated against experiment data. The 177 
heat generation power of the battery during the charge/discharge process was also calculated 178 
theoretically. In addition, the effects of several key parameters, such as thermal resistance, 179 
initial temperature, melting temperature and ambient temperature, on the performance of the 180 
ITMS were analyzed.  181 
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2. Non-steady model of temperature rise 182 
It is recognized that the mechanism of the reaction and heat generation inside the battery are 183 
very complicated. As for the heat generation, it can be a function of the battery’s properties, 184 
battery temperature, charge/discharge rate etc. Assuming that the internal enthalpy of the 185 
mixing and phase change can be neglected, the heat generation power of the battery is 186 
composed of reversible reaction heat and irreversible Joule heat, which can be expressed as 187 
follows[30]: 188 
𝑞 = 𝐼 [(𝐸 − 𝑈) − 𝑇
𝜕𝐸
𝜕𝑇
]                             (1)
 
189 
where 𝐼(𝐸 − 𝑈) represents the irreversible Joule heat, 𝐼𝑇
𝜕𝐸
𝜕𝑇
 is the reversible electrochemical 190 
reaction heat.  191 
It should be noted that it is difficult to obtain accurate heat generation power by experiment 192 
in terms of Eq. (1). However, it could still be calculate based on the analysis of the heat transfer 193 
mode of the battery. For the case of air TMS, the internal heat (𝑞) of the battery can be 194 
transmitted through three ways, namely, convective heat transfer (𝑞ℎ), radiation heat transfer 195 
(𝑞𝑟), and the battery storage heat (𝑞𝑠). The Biot number (Bi) represents the ratio of the internal 196 
thermal resistance to the external thermal resistance. If there is no temperature difference 197 
within the battery during the whole process, it means that Bi is less than 0.1 and the battery 198 
heat transfer system is lumped-heat-capacity system [31]. When 𝐵𝑖 = ℎ𝑙/𝜆 < 0.1, the battery 199 
temperature will be only the function of time. Assuming that the specific heat of the battery (c) 200 
was constant during the charge and discharge [9], the governing equations of the heat 201 
dissipation of the battery can be described as: 202 
𝑞ℎ =
(𝑇−𝑇∞)
𝑅h
, 𝑅ℎ =
1
ℎ𝐴h
                           (2) 203 
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𝑞𝑟 = 𝜀𝜎𝐴(𝑇
4 − 𝑇∞
4 )                           (3) 204 
𝑞𝑠 = 𝜌𝑐𝑉
𝑑𝑇
𝑑𝑡
                                 (4) 205 
𝑞 = 𝑞h + 𝑞r + 𝑞s                             (5) 206 
where T (K) is the temperature of the battery, T∞ (K) is the ambient temperature, A (m
2) is 207 
the heat exchange area, ρ (kg/m3) is the density of the battery, V (m3) is the volume of the 208 
battery. 209 
The period of the charge/discharge can be divided into several discrete time steps (τ). If τ 210 
was small enough, q can be assumed to be constant in the current time step. In the current 211 
experiment, τ is equal to the interval time of the data acquisition. Therefore, by ignoring the 212 
radiation heat transfer [8], the energy balance of the battery with its analytic solution can be 213 
obtained: 214 
𝜌𝑐𝑉
𝑑𝑇
𝑑𝑡
= 𝑞 −
(𝑇−𝑇∞)
𝑅h
                          (6) 215 
 
𝑞𝑅h−𝜃
𝑞𝑅h−𝜃0
= exp (−
1
𝜌𝑐𝑉𝑅h
𝑡) = exp (−
𝑡
𝐵
) ,     0 ≤  𝑡 ≤ 𝜏              (7) 216 
where 𝑞𝑅h is equal to the maximum temperature or stable temperature of the battery (𝜃max), 217 
𝜃0 and 𝜃 are the excess temperatures of batteries at 𝑡 = 0 and 𝑡 = 𝑡, respectively, 𝑅h is the 218 
convective thermal resistance, 𝐵 = 𝜌𝑐𝑉𝑅h is the time constant that denotes the response 219 
speed of the battery temperature change.  220 
When 𝑞 = 0, the equation of the battery temperature rise is written as: 221 
𝜃
𝜃0
= exp (−
𝑡
𝐵
)                              (8) 222 
The variation of the battery temperature with time can be experimentally obtained during the 223 
air cooling process without charge/discharge, and then the time constant (B) can thus be 224 
calculated according to Eq. (8). Combined with experimental data of temperature distribution 225 
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with charge/discharge, 𝑞 and its total heat transfer quantity (Φ) can be calculated as follows: 226 
𝑞 =
1
𝑅h
(
𝜃−𝜃0
1−exp (−
𝑡
𝐵
)
+ 𝜃0)                            (9) 227 
  Φ = ∫ 𝑞 𝑑𝑡
𝑡
0
                                (10) 228 
Compared with air TMS and ITMS, PCM provides additional cooling load. Assuming that 229 
the PCM gained the heat in the form of the latent heat, when the thermal resistance (𝑅𝑝) 230 
between the battery and the PCM is constant, the heat absorbed by the PCM (𝑞𝑝) is given by 231 
the form 232 
𝑞p =
𝑇−𝑇D
𝑅p
                                (11) 233 
Similar to Eqs. (6) and (7), the thermal balance with its analytical solution in the ITMS can 234 
be expressed as follows: 235 
𝜌𝑐𝑉
𝑑𝑇
𝑑𝑡
= 𝑞 −
(𝑇−𝑇∞)
𝑅h
−
𝑇−𝑇D
𝑅p
                      (12) 236 
(
1
𝑅h
+
1
𝑅p
)(𝜃−𝜃0)
𝑞−
1
𝑅h
𝜃𝐷−(
1
𝑅h
+
1
𝑅p
)(𝜃0−𝜃D)
= 1 − exp (−
1
𝑅h
+
1
𝑅p
𝜌𝑐𝑉
𝑡)                 (13) 237 
where 𝜃𝐷 = 𝑇𝐷 − 𝑇∞ is the excess phase change temperature. Let 𝜉 =
𝑅h
𝑅p
, Eq. (13) can be 238 
further reduced to 239 
(1+𝜉)(𝜃−𝜃0)
𝑞𝑅h+𝜉𝜃D−(1+𝜉)𝜃0
= 1 − exp (−
1+𝜉
𝐵
𝑡)                  (14) 240 
According to Eq. (13), the key parameters of the ITMS include the ambient temperature, the 241 
phase change temperature, the heat generation of the battery, the convective thermal resistance, 242 
the conduction resistance and the initial temperature of the battery.  243 
For the ITMS, it can be divided into two independent cooling modes, they are air-cooling 244 
mode and phase-change cooling mode. In order to explore which mode is dominant, the ratio 245 
(μ) is defined as the following: 246 
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𝜇 = 𝜉(1 −
𝜃𝐷
𝜃
)                            (15) 247 
If 𝜇 > 1, it means that the PCM will absorb most of the heat load. Whereas if 𝜇 < 1, it 248 
implies that the air will remove the major heat load. When 𝜇 = 1, the effect of both cooling 249 
modes is equal. When q, 𝑅ℎand 𝑅𝑝 are known, the battery temperature characteristics of the 250 
ITMS can be predicted by Eq. (14).  251 
3. System description and experimental setup 252 
A new experimental test rig was constructed at Reliability and Environmental Engineering 253 
Laboratory at Beihang University, China to investigate the thermal management performance 254 
of the power battery with ITMS. 255 
3.1. System description 256 
Fig. 1 shows a schematic diagram of the ITMS with PCM. The ITMS mainly consists of four 257 
phase change storage energy units (PCSEU) which were arranged on one side of the battery 258 
pack. The PCSEUs were assembled in connection with the thick copper sheets with dimension 259 
of 2 mm×15 mm×80 mm. The battery pack was formed by using thirteen porous structures 260 
(engineering plastic-ABS) and twelve lithium-ion cells covered with a 0.37 mm aluminum 261 
sheet, which was 1/48 of the real battery pack in hybrid power train. The battery will be cooled 262 
by air through the porous structure and it was not affected by the PCSEU. The PCSEU 263 
absorbed the heat by heat conductivity. In order to enhance the thermal conductivity of the 264 
PCM, the PCSEU was made up of 95% foam copper and paraffin. The n-Eicosane with purity 265 
of 99% was employed as the organic PCM and its fusion point is from 36 oC to 38 oC. To make 266 
sure that the battery was the main heat source, the thermal insulation material (Rubber Foam 267 
Thermal Insulation Sheet, 0.034 W/m·K) was covered on the surface of the PCSEU to reduce 268 
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the influence of the external air convection. Additionally, in order to quantitatively describe the 269 
performance of the ITMS, the TMS with pure air cooling was also assembled as a reference. 270 
Fig. 2 illustrates the test section of the experimental study. The details of the battery properties 271 
provided by the battery manufacturer are listed in Table 1. To determine the convective heat 272 
transfer coefficient and the heat transfer resistance of the battery and the PCM, the batteries in 273 
the battery pack can be replaced by the electric heaters directly due to the same size. 274 
    275 
Fig. 1. The schematic diagram of the ITMS with PCM. 276 
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 277 
Fig. 2. Test section. 278 
Table 1 Information of the cell. 279 
Item  Value (unit) 
Type Lithium titanate battery 
Size 6.1×203×127 (mm×mm×mm) 
Nominal voltage 2.3 V 
Capacity 10 Ah 
Recommended temperature 
-10 ~ +45 ºC(charge) 
-25 ~ +55 ºC(discharge) 
Thermal conductivity of battery 5.22 W/(m·K) 
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3.2. Experimental setup 280 
 281 
Fig. 3. Schematic diagram of the experimental apparatus. 282 
The schematic diagram of the experimental apparatus is illustrated in Fig. 3. The main 283 
components of the system consist of thermal performance test system, the charge/discharge 284 
system and the data acquisition system. During the discharge process, the battery pack was 285 
discharged to the 18 V with constant current (2C/20 A, 3C/30 A and 4C/40 A). While during 286 
the charge period, the battery pack was charged to the termination voltage (33.6 V) under three 287 
separate rates (2C, 3C and 4C), and then charged at 33.6 V until the termination current (0.5 A). 288 
For the thermal performance test system, a frequency conversion fan and electric heater were 289 
used to regulate the air flow and temperature, respectively. An air flowmeter measures the flow 290 
rate from 0.5 N m3/h to 50 N m3/h (50±0.25 N m3/h). The pipe system ensured that the air 291 
flowed through the stack with minimum pressure loss. In order to prevent the internal air from 292 
being heated by the external environment, the thermal insulation materials (Rubber Foam 293 
Thermal Insulation Sheet, 0.034 W/m·K) were covered on the surface of the pipe. In the 294 
current work, three different inlet air temperatures of 28 oC, 35 oC and 42 oC were selected to 295 
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simulate the exhaust air of air condition, the mixed air and the natural air in summer. Platinum 296 
temperature sensors were used (±0.06 oC at 0 oC). The temperatures at different locations were 297 
recorded every second by using the Agilent 34970A, as shown in Fig. 3.  298 
4. Results and discussion 299 
In the current study, the temperature rise characteristics of the battery with air cooling 300 
system were discussed in under the air flow rate of 18 m3/h and the natural convection. The 301 
performance of the ITMS was described in comparison with the air cooling system. 302 
Comparsion between the experimental data and the calculated results is achieved, and the 303 
parameters that affecting the performance of the ITMS and the approach for battery 304 
temperature reduction were investigated in detail. 305 
4.1. Test with air cooling system 306 
 307 
Fig. 4. Temperature rise of the battery pack without PCM under natural convection at 308 
ambient temperature of 28 oC. 309 
Fig. 4 shows the temperature rise of the battery pack with air cooling system only for 2C, 3C 310 
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and 4C charge/discharge rates. In the current study, the temperature rise means that the 311 
temperature of the battery exceeds the ambient temperature. It could be found that the 312 
temperature of the cell did not reach a steady state until the end of the charge/discharge. It can 313 
be seen clearly from Fig. 4 that, when the initial temperature rise of the battery was 0 oC, the 314 
maximum temperature rise of 4C discharge was 16.2 oC, which was larger than that of the 315 
other cases. This demonstrates that the charge/discharge current can significantly impact on the 316 
temperature rise of the battery. It was noted that the battery temperature did not exceed the 317 
safety temperature of 55 oC in this case. For the case of the charge process, the decrease of the 318 
temperature rise rate appeared in the charge intermediate stage due to the interaction between 319 
the reaction and Joule heating inside the battery. It caused that the highest temperature at the 320 
end of charge was less than that of the discharge process. 321 
    Table 2 The comparison of the maximum temperature rise at natural convection and air 322 
flow rate of 18 m3/h. 323 
Case 
18 m3/h Natural convection 
Percentages 
of decline 
Initial 
temperature 
Initial 
temperature 
Initial 
temperature 
Maximum 
temperature 
2C-charge 3 3.9 0 4.1 7.1% 
3C-charge 4 6.8 0 7.0 2.9% 
4C-charge 6 8.9 0 9.2 3.3% 
2C-discharge 0 7.1 0 9.9 28.3% 
3C-discharge 0 10.5 0 13.2 20.5% 
4C-discharge 0 12.5 0 16.2 22.8% 
When the air flow rate was 18 m3/h and the ambient temperature was 28 oC, as shown in 324 
Table 2, it could be found that the temperature rise of the battery pack decreased owing to the 325 
large convective heat transfer coefficient. Due to the battery was not cooled to the ambient 326 
temperature, different initial temperatures appeared during the charging process. Compared 327 
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with the natural convection, for the case of the charge process at 18 m3/h, the percentages of 328 
decline of the maximum temperature rise were 7.1%, 2.9% and 3.3% with the initial 329 
temperature rises of 3 oC, 4 oC and 6 oC, respectively. In comparison, for the discharge process, 330 
it had more than 20% decline which was much higher than that of the charge process. It was 331 
indicated that the high initial temperature wourld result in the high final temperature of the 332 
battery. 333 
 334 
Fig. 5. Temperature rise of the battery pack for 4C discharge rate at different air flow 335 
rates and ambient temperatures. 336 
Fig. 5 shows the variation of the temperature rise for 4C discharge rate at different air flow 337 
rates and ambient temperatures. It was noted that the maximum temperature rise was 14.5 oC 338 
under natural convection at the ambient temperature of 35 oC, which was 1.7 oC less than that 339 
of 28 oC. But considering the influence of the ambient temperature, the highest temperature of 340 
the battery reached 49.5 oC which was higher than that of 28 oC. Under the flow rate of 18 m3/h, 341 
the maximum temperature rises at 28 oC, 35 oC and 42 oC were 12.5 oC, 11 oC and 10.2 oC, 342 
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respectively. It implied that there was little difference of heat generation between 35 oC and 42 343 
oC. Despite this, the highest temperature of the battery at 42 oC was about 52.2 oC, which is 344 
very close to the safety temperature. As a result, a high ambient temperature can restrain the 345 
maximum temperature rise of the battery, but could easily induce the battery temperature 346 
approaching the safety temperature. Therefore, batteries at high ambient temperature are not 347 
desirable.  348 
It is always the case that a non-uniform flow field can potentially result in a non-uniform 349 
temperature distribution inside the battery pack for the case of air cooling. During the 350 
experiment, when the air flow rate was 40 m3/h and the ambient temperature was 42 oC, the 351 
maximum temperature rise was 7.6 oC at the end of discharge. Considering the safety issue of 352 
the battery, the test was not carried out for the case of the air flow rate of 7 m3/h and the 353 
ambient temperature of 42 oC. However, it could be evaluated that the maximum temperature 354 
rise in this case was close to or even exceeded 13.2 oC based on the experimental data. This 355 
means that the temperature difference could be larger than 5 oC inside the battery pack. 356 
Consequently, the non-uniform temperature distribution increased the chance of capacity fade 357 
of battery system and further affected the overall lifespan of the battery. In addition, it would 358 
be recommended that the ambient temperature should not exceed 35 oC when taking the energy 359 
saving and the safety of the battery into account.  360 
4.2. Performance analysis of ITMS with PCM 361 
According to the results for the air cooling system discussed in Section 4.1, the temperature 362 
performances of the ITMS with PCM were discussed only for the cases of 3C and 4C.  363 
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 364 
(a) 35 oC /natural convection               (b) 35 oC /7 m3/h 365 
 366 
(c) 35 oC /18 m3/h                     (d) 42 oC /7 m3/h 367 
Fig. 6. Temperature variation of ITMS at 4C and 3C discharging and charging process 368 
under different conditions: (a) 35 oC /natural convection; (b) 35 oC/7 m3/h; (c) 35 oC/18 369 
m3/h; (d) 42 oC/7 m3/h. 370 
Fig. 6 presents the surface temperature of the battery pack with the ITMS under natural 371 
convection and forced convection conditions. During the tests, the air flow rates of both 7 m3/h 372 
and 18 m3/h were set and the ambient temperature were 35 oC and 42 oC, respectively. As 373 
illustrated in Fig. 6(a), the highest temperatures for the case of natural convection at the end of 374 
4C discharge and charge process reached 47.4 oC and 43 oC with the temperature rise of 12.4 oC 375 
and 8 oC. Compared with the case without PCM, as shown in Fig. 5, there was more than 2.6 376 
oC of temperature drop at 4C discharge rate for the ITMS. This indicates that the PCMs provide 377 
additional heat dissipation due to the solid paraffin melts to store heat for the latent heat. 378 
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During the cooling process after the discharge/charge, the residual heat induced that the PCMs 379 
were still heating up slowly till the temperature of the battery was lower than that of the PCMs. 380 
The difference of the curves for the cooling process was due to the utilization of the air forced 381 
convection cooling only after 4C discharge. Overall, the battery temperature did not exceed the 382 
safe temperature (55 oC /discharge and 45 oC /charge). It could be attributed to the ITMS. 383 
For the case of 4C discharge rate, as demonstrated in Fig. 6(b), the highest temperature of 384 
the battery was 46 oC with the maximum temperature rise of 11 oC as the air flow rate was 7 385 
m3/h. This value was nearly the same as the highest temperature for the case of 7 m3/h 386 
presented in Fig. 5. In addition, it should be noted that the temperature of the PCMs did not 387 
reach the melting point (36 oC). This implied that the heat was stored as the form of the 388 
sensible heat. During the cooling period after 4C discharge, the surface temperature of the 389 
battery underwent a sharp temperature drop. At the same time, the temperature of PCM was 390 
slowly heated to the melting point. For the case of 4C charge process, the highest temperature 391 
of the battery was 43.2 oC with the coupled action of the cooling air and the PCMs. But there 392 
was only 0.3 oC lower than that for the case of natural convection and 35 oC due to the higher 393 
initial temperature. As a result, the initial temperature has a significant influence on the battery 394 
under the unsteady state heat transfer process. Similarly, because the initial temperature of 3C 395 
charge was much higher than that of 4C discharge, their highest temperatures were all about 46 396 
oC. Therefore, the higher initial temperature of the battery plays a negative role in the battery 397 
temperature rise. 398 
For the case of 18 m3/h and 35 oC as shown in Fig. 6(c), the surface temperature of the 399 
battery reached 44 oC with the maximum temperature rise of 9.5 oC at the end of the 4C 400 
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discharge process. Based on the above analysis, the highest temperature of the battery 401 
decreased with the increase of the air flow rate. Under the large flow rate for the ITMS, air 402 
forced convection cooling dominated the heat dissipation and the function of the PCSEU was 403 
degraded. For the case of 4C charge process, it could be found that there were two temperature 404 
peaks with almost the same value. The temperature drop in the intermediate stage was the 405 
result of the domination of the heat dissipation relative to the heat generation of the battery. 406 
In Fig. 6(d), since the 4C charge and discharge cycles were not carried out continuously, the 407 
temperature curve during the air cooling period was interrupted. For the 4C discharge process, 408 
the highest temperature of the battery was 50.3 oC. The temperature of the PCSEU was more 409 
than 36 oC, which means that the PCMs absorbed the heat in the form of latent heat effectively. 410 
By contrast with the case of pure air cooling, the ITMS expands the safety of the battery for 411 
smaller flow rate. During the 4C charge period, the highest surface temperature was 44.8 oC 412 
after the PCM was completely melted. This was due to the PCSEU did not have a negative 413 
impact on the air cooling and the air cooling still can remove the majority of the heat. 414 
Meanwhile, the battery has a risk of exceeding 45 oC. Consequently, measurement need to be 415 
taken to improve the reliability of the ITMS, such as reducing the battery initial temperature 416 
and the ambient temperature, increasing the air flow rate during the charge process.  417 
4.3. Analysis of influencing factors 418 
As described previously, the temperature characteristics of the battery are affected by several 419 
control factors, such as heat generation power, battery properties, ambient temperature and 420 
initial temperature. In this section, the convection resistance and time constant were calculated 421 
firstly. Then the heat generation power was evaluated. Combined with the thermal resistance of 422 
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the heat absorption of PCM, the veracity of the mathematic model is verified against 423 
experimental data. Furthermore, the influence of these parameters on the characteristics of the 424 
ITMS was analyzed in a systematic manner.  425 
4.3.1. Parameters calculation 426 
Table 3 shows the stable temperature of the electric heater at different power under the 427 
natural convection and forced convection conditions with air flow rate of 18 m3/h. In the 428 
current study, it was assumed that the physical parameters of the cooling air were constant 429 
during the temperature range from 28 oC to 42 oC, the average convective resistances (Rh) can 430 
be obtained according to Eq. (2), which were 13.87 K/W and 2.12 K/W at natural convection 431 
and forced convection (18 m3/h), respectively.  432 
Table 3 Average convective resistances for the natural convection and forced convection. 433 
Case 
Input 
power/W 
Stable 
temperature/ oC 
Ambient 
temperature/ oC 
Average convective 
resistance/ K/W 
Natural 
convection 
2 48.4 20.0 
13.87 
3 60.8 19.9 
4 75.4 19.8 
5 88.1 19.6 
Forced 
convection 
/18 m3/h 
2 24.1 19.9 
2.03 
3 25.8 19.8 
4 27.9 19.8 
5 30.2 20.1 
Furthermore, Bi could be calculated based on the average convection resistances. For the 434 
case of the natural convection, Bi was equal to 0.004, while for the forced convection, Bi was 435 
equal to 0.027. It inferred that the internal thermal resistance of the battery could be ignored. 436 
Consequently, according to Eq. (8) and the battery temperature drop as shown in Fig. 7, the 437 
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reciprocal of the time constant (1/B) under different operating conditions can be calculated, as 438 
listed in Table 4. 439 
 440 
Fig. 7. The battery temperature drop under different operating conditions. 441 
Table 4 The value of 1/B 442 
Case 1/B (s-1) 
T28-F0 1.4×10-4 
T28-F18 9.5×10-4 
T35-F18 9.3×10-4 
T42-F18 9.7×10-4 
T28-F18 means that the ambient temperature is 28 oC and the air flow rate is 18 m3/h. 443 
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 444 
Fig. 8. Variation of power of the battery heat generation with state of charge and depth of 445 
discharge. 446 
Fig. 8 shows the power of the battery heat generation with state of charge (SOC) and depth 447 
of discharge (DOD) at ambient temperatures of 28 oC, 35 oC, and 42 oC, which is calculated in 448 
terms of Eq. (9). During the discharge process, there were three power peaks at DOD=0.05, 449 
0.56 and 1.0, respectively. The small heat power appeared at DOD=0.14 after the steep decline. 450 
For the case of 4C discharge at different ambient temperatures, the battery had nearly the same 451 
heat power at the initial stage (DOD<0.05). When DOD> 0.05, the heat powers at 28 oC was 452 
higher than that of 35 oC and 42 oC. It could be used to explain why the battery at 28 oC has a 453 
highest temperature rise. When DOD>0.9, the heat power increased rapidly. On the other hand, 454 
it was obvious that the decrease of the current reduction can significantly reduce the battery 455 
heat power in comparison with 4C and 3C discharge at 35 oC. For the case of the charge 456 
process, there were two heat power peaks at SOC=0.05 and 0.9. The heat power curve has a 457 
great depression at intermediate states of the discharge and the minimum value appeared at 458 
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SOC=0.5. The negative heat power indicated that the heat absorption of the electrochemical 459 
reaction was more than that of the Joule heat, which caused the temperature drop. Similar to 460 
the discharge process, the heat power at 42 oC was lower than that of 28 oC. Due to the 461 
charging current gradually decreased during the constant voltage charging process at the end of 462 
charge, the heat power rapidly declined.  463 
  464 
Fig. 9. Temperature variation of electric heater with time at 5 W. 465 
Fig. 9 shows the temperature variations of the electric heater under natural convection at the 466 
heat load of 5 W. The melting temperature (TD) range is from 36
 oC to 37.8 oC. As the 467 
PCESU-2 was close to the heat source, it melted completely with less time. The increase of the 468 
surface temperature of the PCESU was attributed to the increase of the thermal resistance (Rp) 469 
between the cell and solid-liquid interface inside the PCESU with the melting of the PCMs. It 470 
was different from the assumption in Eq. (13) that the thermal resistance was constant. In order 471 
to simplify the calculation and modify the thermal resistance, the melting temperature was 472 
fixed to 36.9 oC in the current study, thus the thermal resistance could be calculated as 3.90 473 
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K/W by Eq. (13). Obviously, increasing the thermal conductivity of the PCM can reduce the 474 
internal thermal resistance of the PCSEU and effectively improve the accuracy of the thermal 475 
resistance. 476 
  477 
Fig. 10. Comparison between theoretical results and experimental data of the ITMS. 478 
Fig. 10 shows the comparison of temperature rise between experimental data and theoretical 479 
results calculated by Eq. (14) at ambient temperatures of 35 oC and 42 oC under the flow rate of 480 
18 m3/h. For the 4C and 3C discharge process, the parameters used in Eq. (14) were ξ=0.52 and 481 
B-1=0.00093. For the case of the 4C charge process, ξ=0.52 and B-1=0.00097 were selected. It 482 
was found that good agreement between the experimental data and the theoretical results was 483 
achieved. The maximum error was around 3.33%, which was mainly due to the fixed thermal 484 
resistance. 485 
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4.3.2. Effect of initial temperature 486 
 487 
(a) 35 oC                             (b) 42 oC 488 
Fig. 11. The effect of initial temperature at different ambient temperatures: (a) 35 oC; (b) 489 
42 oC. 490 
The influence of the initial temperature at two different ambient temperature of 35 oC and 42 491 
oC are shown in Fig. 11. The air natural convection and forced convection with flow rate of 18 492 
m3/h were compared. θ0 expresses the temperature that the initial temperature of the battery 493 
exceeds the ambient temperature while 0 m3/h expresses natural convection. When the ambient 494 
temperature was 35 oC, as shown in Fig. 11(a), it could be found that a higher initial 495 
temperature resulted in a larger final temperature of the battery. Especially when θ0 was higher 496 
than 10 oC, the temperature rise was close to the safety value under natural convection 497 
condition and Rp=3.9 K/W. For the case of natural convection, decreasing the Rp from 3.9 K/W 498 
to 1.85 K/W, the PCMs exerted their roles to maintain the battery temperature within safe range 499 
even at θ0=16 oC. For the air forced convection case (Rh=2.03 K/W), the maximum temperature 500 
rise did not exceed 12 oC and the battery temperature located in the safety temperature range.  501 
During the discharge process under natural convection condition at 42 oC, as shown in Fig. 502 
11(b), the temperature rise approached 55 oC when θ0 was equal to 4 oC. For the case of 18 503 
m3/h, the temperature rise tended to keep in a horizontal level under the safe range when θ0=10 504 
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oC. The same effect can be achieved by reducing the thermal resistance from the 3.9 K/W to 505 
1.85 K/W under natural convection. Consequently, it was at Rh=2.03 K/W or Rp=1.85 K/W that 506 
the maximum temperature of the battery could maintain within 55 oC under higher initial 507 
temperature. Despite this, lower initial temperature is always beneficial to reduce the maximum 508 
temperature under the unsteady heat transfer process, whereas higher initial temperature is not 509 
desirable. 510 
4.3.3. Effect of thermal resistance 511 
  512 
Fig. 12. Temperature rise at different Rh and Rp. 513 
Fig. 12 shows the temperature rise at different thermal resistances of both Rh and Rp at 514 
ambient temperature of 35 oC. When Rh was 13.87 K/W, the maximum temperature rise 515 
reduced from 13.7 oC to 10.0 oC due to the decrease of Rp from 3.90 K/W to 1.23 K/W. Lower 516 
Rp resulted in extra heat absorption of PCM. The convective thermal resistance is directly 517 
related to the wind speed and the heat transfer area. For a fixed thermal resistance (Rp=3.90 518 
K/W), when the convective thermal resistance decreases from 2.03 K/W to 1.34 K/W, the 519 
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highest temperatures rise were 9.9 oC and 8.2 oC, respectively. Similarly, the temperature drop 520 
was caused when the Rp decreases from 1.85 K/W to 1.23 K/W. Therefore, either to reduce the 521 
PCM thermal resistance or reduce convective thermal resistance can play a positive role in 522 
reducing the surface temperature of the battery.  523 
   524 
Fig. 13. Heat dissipation Ratio of the PCM and air cooling at different ξ. 525 
It appears from the previous experimental investigations that the battery temperature in the 526 
ITMS for higher air flow rate did not alter significantly due to a little heat storage by PCM 527 
compared with pure air cooling. Fig. 13 shows the heat dissipation ratios of the PCM and air 528 
cooling (μ) at different thermal resistance ratios (ξ). According to Eq. (15), μ>1 indicated that 529 
the explicit heat storage of PCM prevailed. For the air flow rate of 18 m3/h, the heat dissipation 530 
ratio was just equal to 0.46, which means that the battery cooling was primarily dependent on 531 
air convection and the influence of PCM was not significant. However, considering the energy 532 
saving, it was desirable that the PCM exerted major influence in the ITMS. Many methods can 533 
be taken to enhance the heat exchange between the cell and the PCM, such as increasing the 534 
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thermal conductivity of the PCM by infiltrating the paraffin into the foam metal or mixing the 535 
powder material with high thermal conductivity, reducing the contact resistance. During the 536 
discharge process, the PCM absorbed most of the generation heat of the battery to increase the 537 
energy utilization rate of the battery pack as much as possible. Compared with the charging 538 
process, it is a good option to increase the air velocity to reduce the convective thermal 539 
resistance due to the existence of the external energy. The working time of the PCM could be 540 
greatly improved and the initial temperature of the battery could be decreased rapidly in the 541 
discharge process. 542 
4.3.4. Effect of excess melting temperature of PCM   543 
 544 
Fig. 14. The effect of the excess melting temperature of the PCM on the battery 545 
temperature rise. 546 
The effect of the excess melting temperature of PCM on the battery temperature rise under 547 
natural convection is shown in Fig. 14. Excess melting temperature (θD) is equal to the melting 548 
temperature above the ambient temperature. As the excess melting temperature increased from 549 
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-7 oC to 10 oC, the maximum temperature rise went up from 11 to 15.6 oC. This indicates that 550 
the lower θD has a positive effect on reducing the battery temperature rise. According to Eq. 551 
(15), the large excess melting temperature may result in less heat absorption of PCM at a fixed 552 
value of ξ. When θD =10 oC, the battery temperature curve was infinitely close to that of the 553 
pure air cooling due to the air cooling dominating the major heat. In order to overcome it, 554 
reducing the melting temperature and increasing the ambient temperature can be taken to 555 
enhance the heat absorption of the PCM. However, increasing the ambient temperature is easy 556 
to induce the battery overheating although the maximum temperature rise decreases. In 557 
addition, the PCMs will slowly absorb the heat from the high temperature environment, this 558 
can seriously reduce their working times. Consequently, a better approach could be that 559 
making the melting temperature of the PCM is slightly below ambient temperature, and 560 
ensures that there is no heat exchange between the PCSEU and the environment.  561 
5. Conclusions 562 
This paper performed a combined experimental and numerical study to investigate the ITMS 563 
with the PCM for the power battery. A mathematical model of the battery temperature for the 564 
ITMS was developed. Analyses of the experimental and theoretical results lead to the 565 
following main conclusions: 566 
(1) Air cooling system could lead to a non-uniform temperature distribution and energy 567 
consumption. The overheating occurs in the natural convection at 42 oC. In comparison, 568 
the ITMS can effectively maintain battery temperature below 55 oC under natural 569 
convection at 35 oC and the small air flow rate at 42 oC.  570 
(2) The temperature rise of the battery is a non-steady process for high charge/discharge 571 
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rate. The irregular variation of the heat generation power was the comprehensive 572 
influence of the battery temperature, charge/discharge current, Joule heat and reaction 573 
heat. The battery temperature rising behavior can be accurately represented by the 574 
mathematical model which can effectively make a reference to optimal design of the 575 
battery TMS. 576 
(3) The effect of several control parameters, such as heat generation power, ambient 577 
temperature, thermal resistances, initial temperature and melting temperature on the 578 
temperature characteristic of the battery is discussed in detail. The higher initial 579 
temperature is not conducive to reduce the maximum temperature of the battery. The 580 
battery temperature can be reduced by decreasing Rh and Rp, but the latter is better for 581 
energy conservation. The lower excess melting temperature has a positive effect on 582 
reducing the battery temperature rise. In addition, the battery will not be insulated by the 583 
PCM, even if the PCM melt completely. 584 
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